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Abstract 
 
Use of leaded solder was an issue in human health a few years back, while lead-free 
solders developed recently possesses higher melting temperature than conventional leaded 
solders. Thus, further research to develop more Sn-based solders with low-eutectic 
temperatures as compared to existing alloys are required. In this study, the effects of Gallium 
addition to five Sn-based alloys (Sn, SAC, Sn100C, Sn100CV, Sn-0.7Cu) at three different 
concentrations (0wt%Ga, 0.1wt%Ga and 2.0wt%Ga) was investigated. The microstructures of 
these alloys and the nature of their interactions with substrates including Electroless Nickel 
Immersion Gold (ENIG) and Organic Solderability Preservative (OSP) finishes is discussed. 
Thermal Analysis was done to investigate the resulting nucleation temperature of each 
alloy. The Sn-based alloys with 2.0wt% Ga additions had a reduction of 2℃-7℃ in growth 
temperatures when compared to their solidus temperatures. This matches the prediction from 
Sn-Ga phase diagram from previous studies. The intermetallic layers that formed between the 
solder and substrate showed that 0.1wt% Gallium resulted in a reaction with both Copper OSP 
and Nickel ENIG substrates, but higher concentrations of Ga (2.0wt%) did not result in a 
reaction at the interface. The microstructure analysis also showed that cracks formed in the cast 
specimens containing Ga and the solder balls appeared to have poorer wettability with 
increased Ga content. Both results suggested that there is segregation of Ga due to its low 
melting point, inducing low melting phase during solidification.  
In conclusion, the results indicate there is a critical composition of Ga which produces 
a homogeneous reaction with the alloys to assist in the fabrication of solder balls. Further 
studies on the properties of Ga containing alloys are required to fully understand the 
commercial potential. 
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Introduction 
Motivations 
Nowadays, the majority of electronics compound manufacturers use components and 
circuit board materials that are of low quality and less costly for the purpose of cutting down 
production price. This issue obviously causes problems to rise in manufacturing outputs. As 
the materials implemented in production are cheap, those are easily influenced by the change 
in surrounding temperature and presence of moisture in the atmosphere. During soldering, 
Moisture-sensitive Devices (MSDs) are especially vulnerable to thermally-induced damage. 
Moisture diffusion into the plastic components due to exposure to ambient conditions leads to 
condensed moisture at internal interfaces of the plastic packaging. Rapid expansion and 
evaporation of this condensed moisture will then be triggered by solder reflow temperature 
profile. As a result, there will be significant pressure exertion at the internal interfaces when 
strength reduction occurs due to the temperature rise. This defect is called ‘the popcorn effect’ 
which causes delamination or cracks in the components; sometimes difficult to be spotted 
without extensive inspection. Sometimes, the cracks reached out to the outer part of the 
packaging thus allowing chemicals used in the soldering process; like flux, cleaning agents or 
even contaminants in the atmosphere to flow into the internal parts of the components. This, in 
result will reduce the reliability of the device produced (McCormack et al., 1996).  
For higher melting temperature solder alloys, step-soldering is necessary. Step-
soldering is a process done to ensure successive joints in an assembly can be combined with 
solders having lower soldering temperatures. It also assures that joints which have been 
soldered previously are not harmed. It is worth to note that soldering components on a substrate 
such as a 3D circuitry Moulded Interconnect Device (MID) requires low thermal processing 
temperature. The materials cannot withstand elevated temperatures without being damaged. To 
solder different materials differing in coefficients of thermal expansion also requires minimal 
temperature excursion during reflow soldering (Indium.com, 2017). 
There is a need to reduce the peak reflow temperatures in order to solve these yield 
problems. Usually, the conventional reflow peak temperatures for lead-free tin-based solder 
alloys are above 230℃ (Chen et al., 2016). The eutectic of Sn-37Pb has been used as solder 
reflow temperature; it is the most common alloy used in reflow soldering with melting 
temperature of 183℃. However, a reduction in peak reflow temperature during surface mount 
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assembly using Sn-37Pb causes more complications to rise. Common complications include 
partial reflow or no reflow on the solders due to the thermal mass of components, the 
insufficient wetting of pads, bad solder paste fillet geometries, and solder pastes forming balls 
during reflow. There are also limitations due to the solder-reflow temperature of Sn-37Pb. For 
instance, the varying of peak top-side temperature in surface-mount oven profiles heavily 
depend on the component or application temperature; which is in the range of 205-220℃. This 
allows the solder pastes to be reflowed properly, which subsequently forms good soldered 
joints. In conclusion, a solder with lower melting point is much desired. It is also beneficial to 
most manufacturers as production cost can be reduced significantly using low temperature 
surface mount processing (McCormack et al., 1996). 
Thesis Hypothesis 
Pure tin is a material that is commonly known to be micro-alloyed with other elements, 
to improve its properties as a soldering alloy. The factors making up a desirable solder alloy 
include wettability, thermal fatigue resistance, mechanical properties. Indium or bismuth are 
used in tin-based solder alloys to produce melting temperatures that reflow in the range of 170-
220℃.  
This study explores the effects of Gallium as an additive into a set of tin-based solder 
alloys in terms of nucleation temperatures and growth temperatures obtained from cooling 
curves, the change in microstructures as seen from Scanning Electron Microscopy (SEM) and 
the interfacial reaction; Intermetallic Compound (IMC) Layer formation between the solder 
alloys and copper and nickel substrates. 
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Literature Review   
Sn-based Solder Alloys 
In modern electronic packaging industry, soldering is considered as one of the key 
methods and techniques to create an electrical connection between electronic components and 
substrate on the Printed Circuit Boards (PCB). Solders produce paths for electrical and thermal 
flow to additionally create a functional system which also incorporate mechanical integrity in 
the assemblies (Morando, Fornaro, Garbellini & Palacio, 2014). 
Sn-Pb Solders 
Sn-Pb based alloys had been the most preferred choice as solders due to its superior 
properties as compared to other alloys. The major flaws in using Sn-Pb solder, however, were 
the toxicity of lead and the detrimental effects it had on human health. Replacing the harmful 
solders with lead-free solders have been the main objectives since the past years. Typically, to 
find a suitable candidate solder alloy, the alloy needs to have a specific freezing range which 
is also suited to be used or processed with existing technologies and machineries (Morando, 
Fornaro, Garbellini & Palacio, 2014). 
Sn-Pb solder generally have low melting temperatures; approximately 183℃. These 
low-temperature solders have the ideal temperature for low thermal processing applications. In 
reference to solder material and soldering compatibility, solder alloys having eutectic or near-
eutectic Sn-Pb alloys would be the ideal case. It is crucial for the liquidus temperature of lead-
free alloys to be low enough to prevent any thermal damage to the electronic components when 
exposed to high temperatures in wave or reflow soldering. Despite that, the solidus temperature 
also has to be high enough to ensure that the joint reliability of the solder connection is 
maintained throughout the exposure to thermomechanical fatigue (Morando, Fornaro, 
Garbellini & Palacio, 2014).  
Sn-Cu Solders 
Sn-Cu system is a system with weak irregular eutectic, having 𝐶𝑢6𝑆𝑛5 compound as 
the leading phase in the microstructure formation. Developing solder alloys requires 
hypoeutectic materials with a short freezing range. This is because the formation of primary 
intermetallic phase leads to the occurrence of short circuits. Additionally, a reduction in 
solidification intervals lessens the risks of defects formation especially hot tearing which is a 
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common defect during casting. Thus, the composition of Sn0.7wt%Cu is particularly the main 
area of interest to produce a lead-free tin-based solder (Felberbaum, Ventura, Rappaz & Dahle, 
2011). 
This alloy composition produces good soldering properties and with the addition of a 
micro-alloying element like Nickel, the soldering properties can be significantly improved. 
Addition of Nickel enhances the flow characteristics and increases the eutectic phases 
microstructure of the solder alloy. Sn-Cu-Ni alloys are now commercially used. However, 
many details such as the solidification mechanisms are still unclear (Felberbaum, Ventura, 
Rappaz & Dahle, 2011). 
Other Sn-Cu alloys such as Sn-Cu-Ag (SAC) micro-alloyed with small addition of Zinc 
and Bismuth possess the capability to produce excellent properties in surface mount and ball-
grid-array assembly techniques. The melting point of these alloys are however, still far higher 
than the traditional Sn-Pb alloys. For example, the melting point of Sn-Ag systems are usually 
in the range of 216℃ to 221℃. Another drawback of SAC alloys is that the use of silver 
contributes to the increase in production cost. Silver is an expensive material and its price value 
in the market gradually increases over time. The limitations of Sn-Cu system include poor 
wettability, weak resistance to thermal fatigue as well as high melting point (Mohd Salleh, 
Sandu, Abdullah, Sandu & Saleh, 2017). Therefore, an improvement of Sn-Cu system; Sn-Cu-
Ni alloy has been developed (Morando, Fornaro, Garbellini & Palacio, 2014). 
Gallium as a Microalloying Element 
Existing lead-free solders mostly contain tin as the base material with additives of other 
alloying elements such as indium, bismuth, titanium, zinc and small additions of silver and 
copper. These materials are selected due to their excellent properties as a soldering material. 
The contact materials are usually made up from layers of nickel or palladium (Ipser, Flandorfer, 
Luef, Schmetterer & Saeed, 2006). The addition of third or fourth elements in solder alloys can 
usually improve the properties of the solders; which are mainly the mechanical, physical and 
thermal properties (Mohd Salleh, Sandu, Abdullah, Sandu & Saleh, 2017).  
One of the promising micro-alloying elements to be studied for soldering is Gallium 
(Ga). In terms of many aspects such as melting point, thermal and electrical conductivity, 
environmental impact and reactivity with other elements, Ga has properties similar to most 
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additives elements. First and foremost, Ga has a very low melting point; 29.78℃, 
approximately room temperature which suggests that it has a great potential in reducing the 
melting point of Sn-based solder alloys (Chen et al., 2014). 
Another attractive property of Ga is that it possesses good thermal and electrical 
conductivity, therefore it has been used in many productions of semiconductors. It also has 
high reactivity with copper forming amalgams. The excellent wetting characteristic of Ga on 
many surfaces of metals and oxides without the use of flux is especially an advantageous 
property for microelectronic devices. Previous studies have also shown that the melting 
temperatures of Sn-Zn alloys decreases with increasing Ga composition, however, the pasty 
ranges of the alloys simultaneously enlarged during the process. This is unfortunately 
undesirable, as a good solder alloy should have a low melting temperature with narrow pasty 
temperature range (Chen et al., 2014). 
Sn-Ga System 
 
Figure 1: Ga-Sn Binary Phase Diagram 
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According to the Ga-Sn binary phase diagram above, it is known that Ga may induce 
solid solution formation with Sn. Ga-Sn binary phase diagram is a typical eutectic type with a 
eutectic temperature of 20.5℃. With the addition of 2wt%Ga as indicated by the vertical red 
line, Sn is expected to have a reduction in melting point from 231.96℃ to 225℃.  
There are three major phases which appear in the equilibrium diagram; liquid, 
tetragonal 13Sn solid solution and a complex cubic 𝛼Ga. It can be noted that any temperature 
below 13.2℃, the isotopic diamond 𝛼Sn is stable. Up until now, there has been no further 
experiments in determining the phase boundaries involving this particular phase. On the other 
hand, the liquidus phase has been determined which is consistent with the enthalpy 
measurements that involves mixing enthalpies and the component activities in the liquid 
solution and solidus. The equilibrium phase diagram for Ga-Sn system is usually based on the 
optimization of the liquidus, solidus and liquid phase assessed from thermodynamic data 
(Anderson and Ansara, 1992). 
Taking the solidus into consideration, it can be noted that the solubility of Sn is quite 
small in 𝛼Ga. The solubility of Sn at eutectic temperature is 0.016. The electrical resistance on 
the other hand had a maximum solubility of 0.027; therefore, the average between the two 
values results in a solubility is 0.02 (Anderson and Ansara, 1992).  
Nucleation and Growth Temperatures 
Basically, the solidification of metals occurs by two main factors which are nucleation 
and growth transformation. Solid phases have nuclei necessary for consequent growth. 
Theoretically, nucleation refers to the physical process where a new phase is produced in a 
material. During casting and solidification of materials, nucleation means the formation of 
stable solid particles in the liquid. The term growth, on the other hand, refers to the physical 
process in which a new phase has increasingly grown in size. Growth refers to the formation 
of a stable solid particle as the liquid freezes during solidification (Slideshare.net, 2017). 
Thermal analysis is often performed to determine nucleation and growth temperatures 
of a material as phase transformation occurs from liquid to solid. These two characteristics 
were determined for each reaction detected on the cooling curves in accordance to the method 
of Tamminen. In a cooling curve, the nucleation temperature is defined as the first apparent 
15 
 
 
 
change on the derivative of the cooling curve while the growth temperature is the maximum 
temperature reached after recalescence (Nogita et al., 2005).   
 
Intermetallic Formation 
 The soldering process is heavily dependent on the melting and solidification 
mechanism of the solder alloy, and it is highly influenced by the interfacial reactions that occur 
at the interface of solder and substrates. These factors are also important in determining the 
reliability, performance and durability of solder joints. The eutectics of the alloys during 
melting and the solid structures are necessary in order to produce a soldered joint with good 
properties. However, the formation of intermetallic compounds is harmful to solder joints. 
These compound layers are brittle in nature, thus their presence may induce cracks for certain 
solder joints. Consequently, the solder joint will fail to achieve the desired functionality, 
causing failure of the entire electronic part assembly (Ipser, Flandorfer, Luef, Schmetterer & 
Saeed, 2006). 
 Progressive development in searching the right Sn based solder alloys that could replace 
the traditional leaded solders have been done in previous years. In the advanced packaging 
technology, the melting temperatures of Sn-Bi based solders could be lessened to 128℃ with 
Ga as an additive in the solder alloys. Using electron-probe micro-analyzer (EPMA), the IMC 
formed when soldered with Cu substrate is initially 𝐶𝑢2𝐺𝑎 (Chen et. Al, 2016). 
Surface Finishes  
The surface finish or coating of a Printed Circuit Board (PCB) is essential in terms of 
perseverance of solderable surfaces as the PCB moves from manufacturing to assembly. The 
quality of surface finish can significantly affect the final product reliability as well.  
One of the most commonly used surface finishes for PCBs is Organic Solderability 
Preservative (OSP). Since a long time ago, soldering to copper has been relatively easy due to 
the characteristics of copper as an excellent electricity conductor material. Since copper is a 
metal that can oxidize, OSP surface finish works as an anti-tarnish that helps to preserve the 
copper surface and prevents oxidation with ambient surroundings. It essentially provides a thin 
layer acting as a protective surface over the exposed copper material, which is usually applied 
thoroughly using a conveyorized process. OSP is a water-based organic compound. The 
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protection mechanism involves bounding to copper and provision of an organometallic layer 
that will protect the copper before soldering. It is widely implemented in the manufacturing of 
PCBs due to its nature which is non-toxic, making it environmentally friendly; unlike other 
surface finishes for lead-free solder application which are mostly harmful to the environment 
or require higher energy consumption for reflow soldering (Keith Arauo - Epec, 2017).  
OSP also differs from other materials used in surface finishes because it is the only surface 
finish that can cover the solderable surface while also being eliminated during soldering instead 
of being consumed by the electronic devices or PCB components. It does not require special 
reflow profiling, thus reflow profiling can be adjusted in accordance to other factors like solder 
material or joint properties. There are no requirements for high peak temperature or long time 
above liquids (TAL) (Indium.com, 2017). 
Nickel ENIG 
Another common surface finish used in manufacturing PCB is Electroless Nickel 
Immersion Gold (ENIG). ENIG is a PCB with two-layer metallic coating which usually has a 
thickness of 2-8 𝜇in Au over 120-240𝜇in Ni. The nickel pad acts as a barrier to the copper, and 
the electrical components will be soldered to this nickel surface. It is not intended to be a part 
of the main structure of the track, which explains the thin surface. The gold element of the 
surface finish prevents damage and tarnishing during storage before the PCB is soldered ("PCB 
Surface Finishes | Freetronics", 2017). It also provides low contact resistance which is crucial 
for producing thin gold deposits (Keith Arauo - Epec, 2017). 
 Gold is resistant to corrosion, therefore the ENIG pad can be handled with bare fingers 
without tarnishing the PCB. It also has an extensive shelf life. The pads and tracks have flat 
surfaces. They are also efficient due to the square-edged geometry of the pads which can be 
important for fine-pitch surface-mount parts. The drawback in using ENIG surface finish is 
that the duration for soldering to complete a joint might be longer than usual because the surface 
does not have any pre-tinning. There is also absence of layer of solder which can actually help 
to melt against the iron, increasing the initial contact area and rate of transfer ("PCB Surface 
Finishes | Freetronics", 2017).  
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Experimental Methodologies 
Samples Preparation 
Sn-based Alloy Compositions 
Four different Sn-based alloys which are commonly used in the electronic packaging 
industry are used as the base material. Additions of Ga in varying compositions were done to 
study its effects on the resulting cooling curves, cast alloy microstructure and intermetallic 
compound layer formation on both Cu and Ni substrates on PCB. 
Table 1: List of Sn-based Solder Alloys Samples 
Base materials Solidus 
Temperature 
(℃) 
Weight of base 
alloy (g) 
wt.% of 
Ga 
Weight of 
Ga (g) 
Material 
Designation 
Sn 231.9 500 0 0 Sn 
0.1 0.5 Sn-0.1Ga 
2.0 10 Sn-2Ga 
Sn-0.7Cu 
 
227.0 500 0 0 SC 
0.1 0.5 SC-0.1Ga 
2.0 10 SC-2.0Ga 
Sn-3Ag-0.5Cu  
 
217.0 500 0 0 SAC 
0.1 0.5 SAC-0.1Ga 
2.0 10 SAC-2Ga 
Sn-0.7Cu-
0.05Ni  
 
227.0 500 0 0 SN100C 
0.1 0.5 SN100C-
0.1Ga 
2.0 10 SN100C-2Ga 
Sn-0.7Cu-
0.05Ni-1.5Bi  
227.0 500 0 0 SN100CV 
0.1 0.5 SN100CV-
0.1Ga 
2.0 10 SN100CV-
2Ga 
 
Permanent Mould Casting 
The first step prior to casting includes the preparation of sample alloys, crucibles and 
moulds. The samples of each alloy were first cut either manually using a handsaw or using an 
automatic saw and subsequently weighed. Each Sn alloy was weighed at 500g followed by the 
preparation of 5 sets of 0.5g and 5 sets of 10g Gallium using an electronic balance. The alloys 
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were placed in a boron nitride coated ceramic crucibles and melted for at least 30 minutes in a 
furnace with a temperature of 400℃. 
Once the alloys had completely melted, the alloys were casted using a pencil mould and a steel 
mould which had been heated in the preheat furnace at a temperature of 150℃. For samples 
with Gallium addition, the gallium was added into the melted alloys after removing the oxide 
layer formed on top and mixed thoroughly to ensure that the reaction took place. The cast 
metals were then be further processed for microstructural analysis.  
Thermal Analysis 
Thermal Analysis (TA), or sometimes called Cooling Curve Analysis (CCA) is a well-
known method in recording and interpreting the temperature variation in time of a cooling 
metal. In metal casting, it is crucial to apply TA/CCA to provide a more complete insight in 
the dynamic changes occurring upon solidification.  
TA/CCA uses one thermocouple inserted in the melted Sn alloys. The melt was taken out from 
the furnace using a boron nitride coated test cup and placed onto Pyrotek N17 insulating board. 
A K-type thermocouple with stainless steel sheath was immediately inserted at the centre of 
the mould, at a distance of 10 mm from the bottom of the cup. While the molten metal was 
solidifying, it was important to ensure the top of the cup was covered to prevent heat loss to 
the surrounding, disrupting the cooling rate. Consistency in placing the thermocouple at the 
centre of the cup also affects in producing a good set of data. Each thermocouple was calibrated 
prior to the casting alloys. 
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Figure 2: Ceramic Cup Used for TA 
 
Figure 3: Apparatus Setup in the Foundry 
The thermocouple is connected to a Labview software and National Instrument NI 
92111 Data Logger which will record the variation in temperature as the metal cools for every 
0.15 seconds.  
Microstructure Analysis 
Cold Mounting 
The next step after casting and thermal analysis is microstructural analysis. The pencil 
mould cast of each alloy was cut into thin strips with thickness of 2-3 mm each and cleaned 
using acetone solution. These enabled the cross sections of the alloys to be analysed under 
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microscope. The samples were then placed in an ultrasonic cleaner for 3 minutes to improve 
adhesion of the mounting medium to the specimen. Once dried, a mounting cup was used to 
place the samples before pouring Epoxy resin (EpoFix resin and EpoFix hardener) which was 
the solution used in the process of cold mounting. To omit voids and holes forming in the 
solution, the cups containing the samples were placed in a vacuum pump to remove any air 
bubbles formed while mixing. The alloys were then left overnight. 
 
Grinding and Polishing 
Samples were ground and polished using different settings using Struers TegraForce-5 
and Struers TegradDoser-5 grinding and polishing equipment. Grinding uses SiC sand papers 
up until 4000 grit. The table below summarizes the settings used in the grinding and polishing 
regime. 
Table 2: Grinding and Polishing Settings 
Grit Force/N Speed (RPM)/Direction Time/min 
120 20 150/clockwise 3.00 
500 20 150/clockwise 3.00 
1200 20 150/clockwise 3.00 
4000 20 150/clockwise- use soap 3.00 
Polishing Force/N Speed (RPM) /Direction Time/min 
6μm 15 150/clockwise 3.00 
3μm 15 150/clockwise 3.00 
1μm 15 150/clockwise/red lube 3.00 
OPS 10 150/same or counter 3.00 
 
Table 3: Polishing Regime 
MD Cloth Type Abrasive Suspension 
MD Mol Diapro Mol 3𝜇𝑚 
MD Nap Diapro Nap 1 𝜇𝑚  
MD Chem OPS 
 
Intermetallic Compound Layer Analysis 
Solder Ball Fabrication 
The cast alloys were further cut into thin solder strips of 2-3 mm and cold rolled into 
thin metal sheets. The thin metal sheets were then made into solder balls of approximately 
500𝜇𝑚 by punching the thin solder sheets using a 2.5 mm diameter metal punch. When 
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completed, flux solution which is rosin mildly activated (RMA) is applied on the metals before 
being heated in reflow oven. The solder balls was later heated and mounted on a Printed Circuit 
Board (PCB) with dimensions of 10 mm × 10 mm, and once again reflow soldered. In this 
project, each sample with different Ga composition will be mounted on two PCB of different 
substrates which are copper and nickel. 
 
Reflow Soldering 
The reflow oven was once again used after solder ball fabrication to join the Cu and Ni bond 
pads to the solder balls. The reflow oven was provided by Nihon Superior; the model used 
was an MC-301N Benchtop Batch Reflow Oven.  
 
 
Figure 4:IMC Analysis Preparation 
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Experimental Results and Discussions 
Thermal Analysis  
Overview 
The cooling curve was processed and analysed by taking the first derivative of the 
graphs and examined the peaks at which significant thermal events occurred. Both the cooling 
temperature data and its derivative were plotted on the same graph using GraphPad Prism 
software. Savitsky-Golay method was implemented for graph refinement to reduce the 
unnecessary noise produced. The first change of temperature is denoted as nucleation 
temperature (𝑇𝑁). The growth temperature (𝑇𝐺) is also taken note; this is the growth of the 
phase which is the maximum temperature on the plateau region of the curve. The graph below 
shows a typical cooling curve of pure tin. 
 
Figure 5: Sn Cooling and Derivative Curve 
 Without the presence of Gallium, pure tin has a 𝑇𝐺 of 231.9℃, which is in fact the melting 
temperature. The first nucleation phase occurred at a temperature of 222.3℃. These values are 
used as a benchmark for other tin-based alloys with 0.1wt%Ga and 2.0wt%Ga additions. 
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Cooling Curves of Sn-Ga 
 
 
Figure 6: Sn-0.1Ga Cooling and Derivative Curve 
With 0.1wt%Ga, there was not any apparent change in 𝑇𝐺. The temperature slightly increased 
from 231.9℃ to 232.2℃. On the other hand, 𝑇𝑁 increased from 222.3℃ to 228.5℃. The 
undercooling phase clearly reduced with little addition of Gallium. 
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Figure 7: Sn-2Ga Cooling and Derivative Curve 
The cooling graph obtained during the solidification of Sn-2Ga showed a total of 7℃ reduction 
in 𝑇𝐺 as compared to pure Sn. Further increment in nucleation temperature can also be seen; 
Sn-2Ga has a 𝑇𝑁 of 223.8℃, which is 1.5℃ more than pure Sn. 
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Cooling Curves of SAC-Ga 
 
Figure 8: Cooling Curve and its Derivative for SAC 
 
 Figure 6 showed the initial growth temperature of pure SAC is 221.7℃. Consequently, 
the temperature reduced very slightly to 221.4℃ with the addition of 0.1wt% Ga. 𝑇𝐺 dropped 
to 216℃ with 2wt% Ga as per the pattern with Sn-Ga alloys. The first thermal event occurred 
at the temperature of 210.8℃. The temperature further increased to 210.2℃ and 214.8℃ with 
0.1wt% and 2wt% Ga composition respectively. The melting temperatures of the alloys, also 
located on the plateau region were the same for 0wt% and 0.1wt%; 219℃ but eventually 
dropped to 213℃ for Sn3Ag0.5Cu-2Ga. 
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Cooling Curves of Sn0.7Cu-Ga 
 
 
Figure 9: Cooling Curve of Sn0.7Cu 
 Pure Sn0.7Cu alloy recorded a temperature of 227.5℃ for 𝑇𝐺, and the value dropped to 
225.5℃ following the addition of 0.1wt%Ga. Sn0.7Cu-2Ga had a 𝑇𝐺 of 222.5℃, which is 5℃ 
lesser than pure Sn0.7Cu. Nucleation phase occurred at 208.9℃ for 0wt%, and the temperatures 
gradually increased to 214℃ and 219℃ following the addition of 0.1wt% and 2wt% Ga. 
27 
 
 
 
Cooling Curves of SN100C-Ga 
 
 
Figure 10: Cooling Curve and its Derivative for SN100C 
 
Without Ga addition, the alloy SN100C  had a growth temperature of 231.9℃. Addition 
of 0.1wt% Ga resulted in a slight reduction of 𝑇𝐺 to 229.9℃, similar to Sn3Ag0.5Cu-0.1Ga. 
2wt% Ga composition showed further drop to 224.9℃ in 𝑇𝐺. Nucleation temperature for 
Sn0.7Cu0.05Ni was 214.9℃. Increasing Ga composition to 0.1wt% and 2wt% resulted in 
increase in 𝑇𝑁 to 212.5℃ and 223.8℃ respectively. For the melting temperatures of 0wt% and 
0.1wt% Ga, even though 𝑇𝐺 for 0.1wt% Ga was less than the pure alloy, the melting 
temperature stayed the same at 227℃. 
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Cooling Curves of SN100CV-Ga 
 
 
Figure 11: Cooling Curve and its Derivative for SN100CV 
 
Figure 9 showed three growth temperatures at 226.2℃, 225.7℃ and 222.1℃ for 0wt%, 
0.1wt% and 2wt% of Ga compositions respectively. The nucleation temperature started at 
214.5℃ for 0wt% Ga, followed by 219.5℃ and 219.6℃ with 0.1wt% and 2wt% Ga. 
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Summary of Thermal Analysis 
 
All alloys exhibit the same pattern in which growth temperatures stays approximately the 
same for 0.1wt%Ga (~1℃ difference with pure alloys), but there is an obvious drop in the 
temperature when 2wt%Ga was added. The addition of Ga as a microalloying element 
successfully resulted in decreasing the melting temperatures of Sn-based alloys because the 
melting point of Ga is very low, which is about 30℃ as explained in literature review section. 
The melting range (𝑇𝑙𝑖𝑞 − 𝑇𝑠) can be seen to be neutral or nearly unchanged, this is most 
probably due to both the solidus and liquidus temperatures decreasing simultaneously during 
solidification.   
Table 4 summarizes the growth temperatures and nucleation temperatures of all alloys. 
Table 4: Summary of Growth Temperatures and Nucleation Temperatures of Sn-based Solder Alloys with Gallium Addition 
Sn-based Solder 
Alloys 
Growth Temperature, 𝑻𝑮 (℃) Nucleation Temperature, 𝑻𝑵 (℃) 
0 wt.%Ga 0.1 wt.%Ga 2 wt.%Ga 0 wt.%Ga 0.1 wt.%Ga 2 wt.%Ga 
Sn 231.9 232.3 225.0 222.3 228.5 223.8 
Sn0.7Cu 227.5 225.5 219.0 208.9 214.0 222.5 
Sn3Ag0.5Cu 221.7 221.4 216.0 210.8 210.2 214.8 
Sn0.7Cu0.05Ni 231.9 229.9 224.9 214.9 212.5 223.8 
Sn0.7Cu0.05Ni.5Bi 226.2 225.7 222.1 214.5 219.5 219.6 
 
30 
 
 
 
 
Figure 12: Bar Graph on the Summary of Nucleation and Growth Temperatures 
 
Sn0.7Cu, SN100C and SN100CV alloys had noticeable reduction in growth temperature 
with 0.1wt% Ga addition. These results need to be validated with further tests and repetitions 
to omit unnecessary errors thus, increase data accuracy. A further decrease of the melting point 
of the solder can be done by adding higher amount of Ga element. However, a high content of 
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Ga can induce the formation of Ga-contained melting point phase (Zhang, Long, Yu, Pei & 
Qiao, 2015). Percentage of Ga addition should be controlled in order to prevent low-melting 
phase from forming. This phase is highly undesirable because it affects the soldering 
temperature during soldering. 
Physical Cast Characteristics 
 Oxide layers often are easily formed as a result of reaction with oxygen in the 
atmosphere when molten metals inside the furnace are exposed to air during casting and 
thermal analysis. Removal of this oxide layer is necessary, and it plays a crucial role in terms 
of providing accurate data for solidification of metals. 
 
Figure 13: Cast Sn-Ga Alloys. From Left: Sn, Sn-0.1Ga, Sn-2Ga 
From Figure 11, it can be seen as Ga combined with Sn, it produced more silvery and 
shiny appearance of cast alloys. It was observed that the oxide layers were noticeably thinner 
when the furnace was uncovered. Thus, this caused the removal of oxide to be rather fast and 
easy. 
According to a previous study (Chen, Xue & Wang, 2010), an investigation involving 
addition of Ga into Sn-9Zn solder showed a decrease in surface tension. This is most probably 
due to the reduction in the oxidation of Zn atoms which happened because of the formation of 
Ga-rich protective film in the liquid solder. The oxidation resistance was noticeably improved 
with the addition of Ga into the solder alloys. 
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Cast Alloy Microstructure  
Overview 
The micrographs for each cast alloy were taken using Scanning Electron Microscopy (SEM) 
with Backscattered Electron Image (BSE) and Secondary Electron Image (SEI).  
Microstructure of Sn-Ga 
The figures below are the microstructures taken for tin with 0.1wt% and 2.0wt% Gallium. 
 
Figure 14: Left; Sn-0.1Ga (BSE) Right; Sn-0.1Ga (SEI) 
 
Figure 15: Left; Sn-2Ga (BSE) Right; Sn-2Ga (SEI) 
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Microstructure of SAC-Ga 
 
 
Figure 16: Sn0.7Cu (Left), Sn0.7Cu-0.1Ga (Middle), Sn0.7Cu-2Ga (Right) 
 
Microstructure of Sn0.7Cu-Ga 
 
 
Figure 17: SAC (Left), SAC-0.1Ga (Middle), SAC-2Ga (Right) 
 
Microstructure of SN100C-Ga 
 
 
Figure 18: SN100C (Left), SN100C-0.1Ga (Middle), SN100C-2Ga (Right) 
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Microstructure of SN100CV-Ga 
 
 
Figure 19: SN100CV (Left), SN100CV-0.1Ga (Middle), SN100CV-2Ga (Right) 
 
Summary of Microstructure Analysis 
Sn-0.1Ga EDS 
 
Both SEM and EDS analyses showed that no Gallium can be detected in Sn-0.1Ga. 
This contributes to the high similarity in micrograph when compared to pure Sn. From 
observation of the as-cast metals, no new phase can be seen to have formed following Ga 
addition. Previous study (Zhang, Long, Yu, Pei & Qiao, 2015) however had noted that with 
Sn3Ag0.5Cu solder alloy, the microstructure had consisted of Sn-rich phase with thin 
intermetallic compound particles, as well as some dark phases and were subsequently identified 
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by EDS analysis. The elements were found out to be the intermetallic particle composed by Cu 
and Ga elements, assumed to be 𝐶𝑢2𝐺𝑎 as per the phase diagram of Cu-Ga. 
 
Sn-2Ga EDS 
 
 EDS was done to identify the elements present in the dark shaded areas on the metal 
surfaces. Ga was detected to be present along the cracks of all alloys.  
 The microstructure analysis showed a similar form of results; 0.1wt% Ga addition 
showed little difference with the fundamental alloys, but 2wt% was deemed to be unsuitable 
for SEM analysis since the Ga element might have formed a low-eutectic melting point during 
solidification. This matter contributed to the phase transformation of Ga during sample 
preparation. The grinding and polishing processes created friction which generated heat, and 
this amount of heat is likely to be the main source of energy for the Ga in the alloys to transform 
from solid to liquid phase. 
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For Sn3Ag0.5Cu alloy, a previous study that had been done showed that addition of 
0wt%, 0.5wt%, 1.0wt% and 1.5wt% of Ga had induced primary dendrites formation in all 
optical microscopy images when the metals completely solidified. There was also a reduction 
in precipitate formation in the SAC alloys. Furthermore, the precipitates were much finer as 
Ga content increased. It is suspected that due to the liquid-like nature that Ga possesses, Ga 
might have slowly diffused in the microstructure, causing secondary phase development to be 
hindered (Chen et al., 2015). 
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Solder Balls 
 
 
Figure 20: Solder Balls After Reflow. 0wt%Ga (Left), 0.1wt%Ga (Middle), 2wt%Ga (Right) 
As explained in the methodologies section, the cast alloys were mechanically cut, rolled 
and punched to form flat circular sheets of metals. The alloys were then reflowed at 250℃ in 
the reflow oven. Figure 18 showed that alloys with Ga had poor solder ball geometries. For 
0.1wt% Ga addition, the solder balls started to form a curly shape, unlike the pure alloys 
without Ga. The alloys with 2wt% Ga on the other hand, failed to form a ball structure and the 
solders sticked to petri dish.  
Although the microstructure analysis and thermal analysis showed little differences 
between 0wt% and 0.1wt% Ga compositions, 0.1wt% had major effect on the reflow process 
for solder ball making. Segregation of Ga in the alloys also might be the main cause for the 
failure in forming complete round balls. 
Further studies on Ga properties and its mechanical effects on the fabrication of solder balls 
need to be explored in great depth. The procedure underlying the process of solder ball 
fabrication also needs to be reviewed and redesigned in accordance to Ga influence to existing 
solder alloys.  
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Intermetallic Compound (IMC) Layer Analysis 
Overview 
As per microstructure analysis, the IMC analysis was done with SEM using BSE and SEI 
contrast options. The resulting microstructure as well as morphology of the interfacial reaction 
in the solder joints have significant impact on the mechanical properties of the solder alloys. 
When soldering, solderability is one of the important aspects to considered. It is defined as the 
measure of ease in which a metal can be wetted by a molten solder. The literature review section 
has explained the details of ENIG and OSP as common substrates for soldering. 
IMC Formation: Sn-OSP/ENIG 
To analyse the growth of IMC layer between solders and substrates, isothermal aging 
is usually done with different aging times and temperatures, therefore giving a clearer 
understanding on the diffusion of Cu and Ni into the metals. Aging process helps to observe 
the solder’s interface as the compound layer thickens over time, the internal structure begins to 
coarsen and weaken the mechanical properties of the solder joints. However, due to the 
limitations in this study, thermal aging was not done to the Sn-based solders. 
 
Figure 21: Sn-Cu Phase Diagram ("Cu-Sn Phase Diagram & Computational Thermodynamics", 2017) 
With OSP substrate, 𝐶𝑢6𝑆𝑛5 was expected to be formed near eutectic along with 𝐶𝑢3𝑆𝑛 
as the primary IMC according to the phase diagram of Cu-Sn system above. In Figure 22 
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however, formation of 𝐶𝑢3𝑆𝑛 phase cannot be seen. For Sn3Ag0.5Cu alloy, there will be 
fractions of bulks of 𝐴𝑔3𝑆𝑛 in accordance to the IMC phase from the equilibrium phase 
diagram. 
With ENIG substrate, Sn/Ni substrate couples will usually form 𝑁𝑖3𝑆𝑛4 compound at 
the interface (Zribi, Clark, Zavalij, Borgesen & Cotts, 2001). 
 
 
Figure 22: Formation of IMC layer on OSP and ENIG substrates 
Ga Effects on IMC Formation: Sn-OSP/ENIG 
The morphologies of soldered interfaces are shown in the figures below, where 
metallurgical bonding can be seen for all 0 and 0.1wt% Ga addition samples using both copper 
and nickel substrates, which clearly indicates the formation of intermetallic compounds 
(figure_). In contrast, neither Cu nor Ni substrates provided reaction with all solder alloys 
Void 
Void 
𝐶𝑢6𝑆𝑛5 
𝑁𝑖3𝑆𝑛4 
Cu plate 
Ni plate 
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containing 2wt% Ga element. No intermetallic compound layer can be observed to have formed 
as per Figure 23. 
 
Figure 23: Cross-section View of Solder Balls Reflowed on OSP Substrates. From left: 0wt%Ga, 0.1wt%Ga, 2wt%Ga 
 
IMC Formation on OSP Substrate 
 
 
Figure 24: Sn0.7Cu (Left), Sn0.7Cu-0.1Ga (Right) 
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Figure 25: SAC (Left) SAC-0.1Ga (Right) 
 
 
Figure 26: SN100C (Left), SN100C-0.1Ga (Right) 
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Figure 27: SN100CV (Left), SN100CV-0.1Ga (Right) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
43 
 
 
 
IMC Formation on ENIG Substrate 
 
 
Figure 28: Sn0.7Cu (Left), Sn0.7Cu-0.1Ga (Right) 
 
Figure 29: SAC (Left) SAC-0.1Ga (Right) 
Void 
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Figure 30: SN100C (Left), SN100C-0.1Ga (Right) 
 
Figure 31: SN100CV (Left), SN100CV-0.1Ga (Right) 
 
 
 
 
 
 
 
 
 
 
Void 
Void 
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Summary of Intermetallic Layer Compound Analysis 
From the analysis of IMC formation, before Ga addition, the Sn-based solders did not show 
formation of  𝐶𝑢3𝑆𝑛. The growth of this compound can usually be seen with longer period of 
thermal aging process. It is generally difficult to observe; thus, the analysis of this IMC growth 
needs to be done under large magnification. The soldered alloy for Sn3Ag0.5Cu also showed 
that only 𝐶𝑢6𝑆𝑛5 was present at the joint, and this is most probably because of Cu having 
higher diffusivity in Sn as compared to Ag (Luo, Xue & Liu, 2014). Furthermore, using OSP 
substrate would provide more Cu atoms from the PCB simultaneously.  
The general trend observed with both Cu and Ni substrates is that the IMC layer did not 
have any significant changes with 0.1wt% Ga addition, and following the addition of 2wt% 
Ga, the reflowing process failed to achieve formation of IMC at the interface. Therefore, further 
analysis on the IMC layer thickness could not be done in depth.  
According to a study done previously, the growth rate of the interfacial IMC had markedly 
reduced. It is assumed that the Cu atoms had dissolved into the solders thus forming reaction 
with Ga atoms, leading to the formation of the IMC 𝐶𝑢2𝐺𝑎 around the joint interface of 
SnAgCu/Ga/Cu interface. This metallography may also result in weakened mechanical 
properties of solder joints (Zhang, Long, Yu, Pei & Qiao, 2015).  
 In another study, it has been shown that the increase of Ga content in the solders should 
result in a decline in activation energy of the interfacial reaction with Cu substrate, leading to 
ease in formation of IMC and increase in the thickness layer. At the interface of Sn-solder and 
Cu/Ni substrates, the presence of enriched Ga phase may affect the role of the elements in terms 
of interfacial reaction. The interfacial reaction can be controlled to a certain extent by slowing 
down the reaction speed and thickness growth. With Ga addition into the solder, the IMC 
growth was significantly slowed down. The thickness of IMC was affected by the diffusion of 
Cu and Ni as substrates, in which the activities of Cu and Ni atoms were halted due to the 
presence of Ga that formed new IMC phase (Luo, Xue & Liu, 2014). 
On the Wettability of Sn-Ga Solders 
 Spreading ratio can be defined as 𝐾 =
𝐻−ℎ
𝐻
 where H is the spherical diameter of the 
solder, and h is height of solder. Existing studies which recorded greater lattice parameters of 
the solders causing the spreading ratios to decrease with higher addition of Ga (below 2wt% 
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composition). The spreading ratios only started to increase with Ga content higher than 2wt%. 
For SAC alloy particularly, the existence of Ag atoms leads to replacement with Ga atoms. The 
Ga atoms dissolved into the melting solder matrix which eventually caused the spreading ratio 
to increase. Higher content of Ga in the solders (above 2wt%) resulted in change of lattice 
parameters of solders and substrates, increasing the coherency of interface (Chen, Guo, Huang 
& Wang, 2015). 
Although wettability is not discussed in great depth in this study, it can be seen from 
observation that the height of solder balls after soldering decreased, contradictory to the fact 
presented in previous studies explained above. The balls with poor wettability (Ga 2wt%) failed 
to form interfacial reactions with the substrates. 
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Conclusions and Future Work Recommendations 
 Sn based solders with Ga additions were investigated to develop low-melting 
temperature solder alloys with good solder properties that can be used commercially. The 
objectives underlying this study were to examine the behaviour of the cooling curves of the 
alloys with Ga addition in terms of the growth and nucleation temperatures using thermal 
analysis. The as-cast alloys microstructures were also investigated via microstructure analysis 
using SEM and EDS to compare the phases present after adding Ga. The SEM was used again 
to study the formation of IMC layer around the joint interface using Cu and Ni substrates as 
surface finish. 
 The presence of Ga in the solder alloys affected both the growth and nucleation 
temperatures. Reduction in melting points were recorded with 2wt% Ga content due to the Ga 
element having low melting temperature, which caused overall growth temperatures of the 
alloys to decrease. The changes with 0.1wt% were insignificant as they only slightly decrease 
or increase except for Sn0.7Cu and SN100C alloys which had a reduction of approximately 
2℃. It is suggested that repetition of thermal analysis is done to ensure higher reliability and 
accuracy of data. 
 As-cast alloys showed that there is an increase in oxidation resistance; there were less 
formation of oxide layer with addition of Ga. The appearance of the cast became more silvery 
in colour. The microstructure of the cast alloys as seen using SEM showed that little difference 
was recorded in the morphologies between 0wt% and 0.1wt% Ga content. The EDS analysis 
also failed to identify presence of Ga element in the microstructures. However, as Ga increased 
to 2wt%, cracks started to form on the surface of the alloys due to the Ga transforming into 
liquid phase during polishing and grinding while preparing the samples for analysis. EDS 
analysis had confirmed that the dark phases along the cracks were Ga element. It is assumed 
that the segregation of Ga due to the formation of low-melting point phase during solidification 
to be the major cause.  
 IMC formation analysis showed that the solders were unable to form interfacial reaction 
with the substrate with 2wt% Ga content due to the poor wettability and fillet geometries of the 
solder balls. The IMC formed with 0.1wt% Ga addition were also similar to 0wt% Ga alloys 
in terms of thickness and formation of phases. 
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 The thermal analysis done for each alloy only considered the nucleation and growth 
temperatures, which were analysed using Microsoft Excel and GraphPad Prism. More analyses 
of the cooling curve such as the recalescence temperature and undercooling properties can be 
done in the future to further examine the solidification behaviour of the alloys with Ga contents. 
 Thermal aging process can also be done following the reflow process of the solders 
onto the PCB. This process will be able to give further insight on the growth mechanism of the 
IMC at the solder/Cu and solder/Ni interfaces, using varying temperature profiles for aging and 
analysing the activation energy using Arrhenius plot gradient. Thus, EDS can be done to 
identify the elements making up the IMC layer between solders and substrates. 
 Since the mechanical properties of solder joints are directly associated with the IMC 
formation, further tests involving shear strength and mechanical testing of the joints should be 
carried out. This is important to determine the reliability of the solders to be implemented in 
the electronic packaging industry. 
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Appendices 
Cooling Curves of Alloys Combined 
 
 
Figure 32: Cooling Curves of Sn Combined 
 
Figure 33: Cooling Curves of SAC Combined 
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Figure 34: Cooling Curves of Sn0.7Cu Combined 
 
Figure 35: Cooling Curves of SN100C Combined 
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Figure 36: Cooling Curves of SN100CV Combined 
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Growth Temperatures & Nucleation Temperatures 
 
Figure 37: Growth Temperatures of Alloys 
 
Figure 38: Nucleation Temperatures of Alloys 
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Solder Ball (Reflowed) 
 
Figure 39: Solder Ball Orientation on PCB Top View Using BSE (Right Column) and SEI (Left Column). Sn100C-Ga (Top), 
Sn100C-0.1Ga (Middle), Sn100C-2Ga (Bottom) 
